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thesis system yielded fragmented peptides along with the full-length product. With the combined
use of MALDI-TOF analysis and peptidyl-tRNA hydrolase cleavage of the Flag tagged product species,
we concluded that the fragments were generated by peptidyl-tRNA drop-off at speciﬁc sites and
subsequent translation continuation. Using the histone H3 tail we also found that peptidyl-tRNA
drop-off is strongly correlated with the amino acid context. We envision that the system described
here would be useful as a model system for studying peptidyl-tRNA drop-off events.
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Protein synthesis is a very complicated cellular process,
consisting of initiation, elongation, and termination reactions.
The rate of protein synthesis would not be steady along the mRNA
sequence because of heterogeneities in mRNA structures, codon
contexts and/or availabilities of certain tRNA or amino acid species.
In an extreme case, some of translating ribosomes stall on mRNA
during translation. This can be very toxic to the cells because the
ribosome and certain species of tRNA are sequestered all together
on the mRNA, becoming unavailable for the next round of transla-
tion. In a salvage process called peptidyl-tRNA drop-off, growing
chains of peptides leave the ribosomal P-site in the form of pepti-
dyl-tRNA [1,2]. This process possibly accompanies the dissociation
of the ribosome complex [3], so that the ribosome can be re-used.
Dropped-off peptidyl-tRNA is hydrolyzed at the ester bond be-
tween the peptide and tRNA by peptidyl-tRNA hydrolase (PTH),
releasing tRNA from the sequestration [4]. The fact that PTH is
essential for cell viabilities suggests that the frequency of pepti-
dyl-tRNA drop-off cannot be ignored [4]. Indeed, several kinds of
tRNAs are sequestered as peptidyl-tRNAs in Escherichia coli with
a temperature-sensitive PTH at an elevated temperature [5]. Thischemical Societies. Published by E
N-terminal tail of histone H3
.implies that peptidyl-tRNA drop-off occurs at several positions
along an mRNA.
Recent studies revealed that peptidyl-tRNA drop-off is an active
process involving several translation factors [3,6–8]. However,
these studies used mini-genes, and very likely accounted for pepti-
dyl-tRNA drop-off during the start or end of translation processes.
Similarly, the observations that NGG codons (N = A, U, G, or C) at
positions +2 (the start codon, AUG, being +1) to +5 decreased the
translation level of lacZ by frequent peptidyl-tRNA drop-off [9], or
that a non-functional model protein was prone to drop-off at the
last sense codon [10] demonstrate the peptidyl-tRNA
drop-off during the early phase or at the last step of elongation,
respectively. It is worth noting that only 60% of ribosomes reach
the stop signal along the lacZmRNA [6]. This strongly suggests that
peptidyl-tRNA drop-off during elongation constitutes a large
proportion of the overall peptidyl-tRNA drop-off events in a cell.
However, compared to well-documented events at or near the start
and stop codons, peptidyl-tRNA drop-off during elongation has not
been well characterized yet. We postulated that the difﬁculties in
pinpointing the site of peptidyl-tRNA drop-off was in part responsi-
ble for this, and thus, that amodel systemwith a predetermined site
for peptidyl-tRNA drop-off would facilitate studies of these events.
Here we report that the expression of N-terminal tail of histone
H3 (H3t) in a reconstituted protein synthesis system shows
peptide fragments and that the fragmentation found is related with
peptidyl-tRNA drop-off at speciﬁc sites. Using the system, we showlsevier B.V. All rights reserved.
Fig. 1. (A) The sequence of H3t used for the incorporations of acK, me1K, and K with UGC codon reprogramming. Amino acids that are different from native H3t are
underlined, and the Flag sequence is shown in italic. (B) MALDI-TOF analysis of afﬁnity-puriﬁed peptides. Peaks are identiﬁed in (C) according to the m/z values: (1) 5113.22
(obs)/5113.64 (cal); (2) 2493.82 (obs)/2494.61 (cal); (3) 3164.42 (obs)/3164.42 (cal); (4) 5182.18 (obs)/5180.75 (cal); (5) 5154.42 (obs)/5152.70 (cal); (6) 4062.15 (obs)/
4061.45 (cal); (7) 5138.86 (obs)/5138.67 (cal); (8) 4047.48 (obs)/4047.43 (cal). Primed peaks denote doubly charged species.
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amino acid side chains such as Arg, Lys, and methylated Lys deriv-
atives in our protein synthesis system reconstituted from puriﬁed
E. coli factors.
2. Materials and methods
2.1. Translation and the mass analysis
DNA templates and aminoacyl-tRNAs were prepared as was re-
ported earlier [11]. The protein synthesis system was reconstituted
as was reported [12]. Puriﬁcation and the subsequent analysis ofthe peptides were as reported earlier [11]. A detailed description
on methods can be found in Supplementary methods.
2.2. PTH assay
Translation was conducted in the presence of 60 lM of
½32P-tRNAArgACG. Peptidyl-tRNAs bound on anti-Flag-M2 agarose were
washed with TBS and then resuspended with 25 mM Hepes
(pH 7.5), 15 mM MgCl2, and 150 mM NaCl. The resin was treated
with 4 lM PTH for one hour at 37 C. Resulting tRNAs were
collected by ethanol precipitation with the aid of glycogen and
subjected to analysis on polyacrylamide gel with 6 M urea. PTH
Fig. 2. (A) The sequence of the translation product of template III. (B) MALDI-TOF analysis of the translation product of template III. Peaks are identiﬁed in Fig. 1C. (C) The
translation products of template III were analyzed on tricine–SDS–PAGE. Three bands are clear, and the intensity of each band does not change with prolonged incubation.
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Murakami (The University of Tokyo).
3. Results
3.1. Peptide fragments found in the translation of histone H3 tails
Histone modiﬁcation represents one of the most important epi-
genetic marks related with various cellular processes [13]. These
modiﬁcations are rich especially at their unstructured tails, and
we recently reported the site-speciﬁc and combinatorial incorpora-
tions of modiﬁed Lys into H3t to reproduce these post-translational
modiﬁcations in vitro [11]. In this method called codon reprogram-
ming, acetylated (acK), mono-methylated (me1K), or unmodiﬁed
Lys (K) was charged to engineered E. coli asparaginyl-tRNA
(tRNAAsn-E2, see Ref. [14]) that has GCA anticodon, using an amino-
acylating ribozyme, ﬂexizyme [15]. The resulting charged
tRNAAsn-E2GCA can deliver modiﬁed or unmodiﬁed Lys to the ribosome
in response to the cysteinyl UGC (C10) codon in template I (Fig. 1A).
To eliminate the competition between charged tRNAAsn-E2GCA with
natural Cys-tRNACys, the amino acid Cys was withdrawn from the
protein synthesis system. Synthesized H3t peptides could be puri-
ﬁed from the translation reaction using its C-terminal FLAG tag and
were analyzed using MALDI-TOF (Fig. 1B). In the mass spectra of
puriﬁed H3t peptides, we found that shorter peptides were
co-puriﬁed with the full-length H3t peptides even when the native
codons were translated (Fig. 1B, P-I-C10). This was true especially
when me1K or K was used to reprogram the UGC codon (Fig. 1B).
Compared to these two amino acids, the incorporation of acK
showed much cleaner spectrum (Fig. 1B, P-I-C10acK). Besides
the major contaminating peaks, two other minor peptides (peaks
2 and 3, Fig. 1B) were common in all spectra. We will discuss these
minor contaminants later in this report.
Since the puriﬁcation scheme uses the C-terminal Flag tag, the
co-puriﬁed peptides should contain the C-terminal part of H3t.
Thus, we could annotate the major contaminating peptides that
are missing the ﬁrst 9 amino acids. Deducing from the molecular
masses, the N-terminal amino acids in peaks 6 and 8 were me1K
and K without formylation (Fig. 1C). This means that translation
did not initiated at position 10 with a normal initiator tRNA, since
translation initiation with Lys-tRNAini only resulted in Na-formyl-
peptides in the same protein synthesis system [16]. It was also
unlikely that promiscuous translation initiation at position 10 only
with me1K or K, but not with acK had occurred. To conﬁrm this
result, we used a template that contained UUC (F10) codon for
incorporating modiﬁed Lys into the same site of the H3t peptide(Fig. S1 in Supplementary results). Amino acids with cationic
side-chains, me1K, me2K, and me3K reproducibly resulted in the
fragmentation between positions 9 and 10, whereas acK did not
(Fig. S1 in Supplementary results). In all cases, the fragments al-
ways contained the amino acid used for codon reprogramming as
the ﬁrst amino acid. This led us to the possibility that the incorpo-
ration of K without codon reprogramming would result in the same
type of fragmentation, and it was indeed the case. Template III con-
taining the AAA (K10) codon was used (Fig. 2A), and the puriﬁed
peptides showed a mass spectrum indistinguishable from the
products of UGC codon reprogrammed to K (Fig. 2B vs. Fig. 1B).
This ﬁnding was important in three ways. First, it clearly
showed that the charge status of the amino acid at the position
10, not the codon, was crucial for the fragmentations observed.
Second, it simpliﬁed the investigation of the phenomenon, since
codon reprogramming was not involved any more. Thirdly, since
it was shown that fragmentation was not the consequence of
codon reprogramming, peaks 2 and 3 correspond to peptides start-
ing from K19 and A25, respectively (Fig. 1C).
3.2. H3t peptide fragmentations is linked to peptidyl-tRNA drop-off
There was a possibility of partial proteolysis during the transla-
tion. However, puriﬁed full-length H3t peptide was stable in the
mock translation (Fig. 2C), implying that proteolysis did not occur
in our reconstituted protein synthesis system. We conﬁrmed at
least three peptides in the tricine–SDS–PAGE (Fig. 2C), well corre-
lating with 4 peaks found in the mass spectrum (Fig. 2B). The sec-
ond possibility was peptidyl-tRNA drop-off and the subsequent
continuation of translation. The essential step in this hypothetical
mechanism was the drop-off of fMARTFQTAR9-tRNAArg, which was
difﬁcult to be proved. Therefore, we devised an experimental
procedure to indirectly probe the peptidyl-tRNA generated in the
system. We used template IV (Fig. 3A) that contained the Flag-tags
at both termini in the context of K10 (amino acid numberings are
according to the template I). It was thus possible to purify the pep-
tidyl-tRNA, fMADYKDDDDKARTFQTAR9-tRNAArg, and the rest
(H3tD1–9) simultaneously, if such a peptidyl-tRNA existed in the
system (Fig. 3B). In practice, we supplied the reconstituted protein
synthesis system with ½32PtRNAArgACG that can possibly decode CGC
(R9) codon in competition with naturally occurring tRNAArgICG in the
translation system. After translation, all the materials that con-
tained the Flag sequence were let bind to anti-Flag-antibody
immobilized on the agarose resin. To speciﬁcally elute the tRNA
species that was on the resin as Flag-peptidyl-tRNA, we incubated
the resin with PTH (Fig. 3B). As is shown in the Fig. 3C, the
Fig. 3. (A) The sequence of the translation product of template IV. (B) The proposed mechanism of peptide fragmentation. Both peptidyl-tRNA and the peptide fragments can
be co-puriﬁed using the anti-Flag agarose. The resin-bound tRNA can be eluted by the incubation with PTH (C), and the peptides can be eluted from the resin by triﬂuoroacetic
acid and analyzed by MALDI-TOF (D). Peaks are identiﬁed in (E) according to them/z values: (16) 6205.25 (obs)/6204.71 (cal); (17) 2176.41 (obs)/2176.30 (cal); (18) 3729.66
(obs)/3729.12 (cal); (19) 4753.77 (obs)/4752.20 (cal). Primed peaks denote doubly charged species.
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the N-terminal Flag tag (lane 1 vs. lane 3), and PTH was used to
elute tRNA (lane 2 vs. lane 3). Moreover, from the peptides bound
to the resin after eluting the ½32PtRNAArgACG with PTH, we could iden-
tify the peptide part, fMADYKDDDDKARTFQTAR9, along with
H3tD1–9 in the mass spectrum (peak 17 and 8, respectively in
Fig. 3D). These results strongly support our idea that peptidyl-tRNA
drops-off from the ribosome at the position 9. Thus, it is also likely
that translation somehow continues from the position 10. Interest-
ingly, a new peak (peak 19 in Fig. 3D) is also observed in this
experiment together with other fragments discussed ahead (peaks
18 and 3 in Fig. 3D).3.3. Peptidyl-tRNA drop-off is affected by the amino acid context
According to our results, peptidyl-tRNA drop-off seems to occur
predominantly with an amino acid with a cationic side-chain as
the last entity in the peptide part. From the results shown in Figs.
2 and 3, four sites are apparent: R3 ; T4, R9 ; K10, R18 ; K19, and
K24 ; A25. This is in good accordance with previous studies high-
lighting the elevated frequencies of peptidyl-tRNA drop-off accom-
panying tRNAArg or tRNALys [5,17]. The importance of the amino
acid sequence in peptidyl-tRNA drop-off could be further veriﬁed
by demonstrating the event with four different codons for R9.
Any of CGN codon (where N = A, U, G, or C, Fig. 4A) yielded similar
Fig. 4. (A) The deduced primary sequence of the translation product of template V and VI. (B) Tricine–SDS–PAGE analysis of peptides. (C) MALDI-TOF analysis of puriﬁed
peptides. According to its m/z value (4073.97), peak 20 was identiﬁed as H3tD1–9 (4074.11).
Fig. 5. When R9 was mutated to L9, peptide fragmentation around the residue could be prevented either in natural codon (A) or reprogrammed codon (B) system. The m/z
values were: (21) 5095.41 (obs)/5095.64 (cal); (22) 5109.34 (obs)/5109.67 (cal).
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acid next to the site of peptidyl-tRNA drop-off seems to be another
determinant, because K and me1K, but not acK, at position 10 pro-
moted peptidyl-tRNA drop-off (Fig. 1). Thus, it was imperative to
examine the effect of amino acid context on peptidyl-tRNA drop-
off. We devised template VI that coded for R10 instead of K10 so thatthe peptide would have two consecutive Arg residues (Fig. 4A). The
result was striking that the full-length H3t was barely synthesized.
Thus, the translation of R9R10 sequence in H3t gave almost com-
plete truncation at R9 and subsequent translation continuation
from R10 (Fig. 4B). The MALDI-TOF analysis qualitatively conﬁrmed
the result showing the peak for H3tD1–9 as a major one (Fig. 4C).
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cient peptidyl-tRNA drop-off, switching R9 to a neutral amino
acid, L9, in the context of K10, would result in minimal or no
peptidyl-tRNA drop-off at position 9. This was indeed the case.
No sign of peptidyl-tRNA drop-off and subsequent translation
continuation was observed when the template coded for L9K10
in the tricine–SDS–PAGE or MALDI-TOF analysis (Fig. 5A). Fur-
thermore, when the UGC (C10) codon was reprogrammed to
K10 or me1K10 using the template coding for L9C10, no peak for
H3tD1–9 was observed in the MALDI-TOF analysis (Fig. 5B). Thus
peptidyl-tRNA drop-off at position 9 in the present study is
greatly affected by the amino acid context, especially by two
consecutive cationic residues.
4. Discussion
Our unexpected ﬁndings described here can provide a simple,
yet useful model system to studying peptidyl-tRNA drop-off at
identiﬁed sites (Figs. 1 and 2). Since the system uses native codes
for translation (Fig. 2), the usefulness of the system as a model is
enhanced. As an example of using the system, we have shown that
the peptidyl-tRNA drop-off at position 9 of H3t was heavily af-
fected by the amino acid at not only the residue 9, but also the res-
idue 10. Considering that peptidyl-tRNA drop-off is very likely
linked to translation pausing, our result seems to be relevant to re-
cent ﬁndings regarding ribosome stalling. It was found that the
ribosome stalls with E9 at the A-site when the ermAL1 gene was
translated in an in vitro translation system derived from E. coli in
the presence of erythromycin [18]. Their result is strikingly similar
with ours that ribosome stalling is affected by identities of amino
acids at P- and A-sites. They also showed that charged amino acids
(Asp, Glu, Lys, Arg, and His) in the A-site especially promoted ribo-
some stalling in translation of ermAL1, which is again similar with
our current result in that Lys, Arg, and modiﬁed Lys were shown to
be at the A-site when peptidyl-tRNA drop-off occurred. It seems
apparent, as they postulated, that Lys-tRNALys and Arg-tRNAArg
are poor peptidyl-acceptors and are responsible for translation
pausing.
Besides the fact that the results shown here, our result pauses
an important question: how can peptidyl-tRNA drop-off be linked
to translation continuation? We do not have a plausible answer at
this moment. However, peptidyl-tRNA drop-off followed by trans-
lation continuation does not seem to be special in the translation of
H3t, because we observe peptides starting with non-proteinogenic
amino acids along with the full-length peptides in certain cases of
codon reprogramming (Morimoto, Murakami, and Suga, unpub-
lished data). This was especially true when those non-proteino-
genic amino acids were very difﬁcult to be incorporated, such as
D- or b-amino acids (Murakami and Suga, unpublished data). The
accompanying question is whether the same event would occur
in vivo. Reproducing the result presented in this report is under
way using the crude E. coli extract to answer that question.Acknowledgment
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
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